Saccharomyces cerevisiae is an eukaryotic model organism that has been used for space biology research. Microgravity is a tool to study yeast mechanobiology by removing the gravitational force on the cells. Yeast cells possess mechanosensors that can sense mechanical forces. The cells transduce a mechanical stimulus into a specific cellular response by activating intracellular signaling pathways that can ultimately lead to an altered function. Microgravity is "sensed" by yeast cells as a stress condition and several mitogen-activated protein kinases (MAPK) signaling pathways are activated, including the cell wall integrity (CWI)/protein kinase C (PKC), the high osmolarity glycerol (HOG) and the target of rapamycin (TOR) pathways.
INTRODUCTION
Space flight conditions affect single cell and complex multicellular organism physiology [1, 2] . These alterations may have important consequences for human space flights. Microbes were reported to grow faster or to become more virulent in microgravity conditions, which were shown in murine infection models [3] [4] [5] . Furthermore, parts of the human immune system are suppressed under these conditions [6] [7] [8] [9] [10] . The knowledge of microbial behavior in microgravity is indispensable to assure human's resistance to illness during space flights.
Microbial cells inhabit a diverse range of ecological niches and therefore must constantly adapt to a wide variety of changing environmental conditions [2] . Spaceflight presents a novel environment for organisms that evolve under the selection pressures of gravity on Earth. Cellular cerevisiae has been used to unravel basic mechanisms behind illnesses such as cancer, infectious disease and neurodegenerative disorders [20] . Studies in yeast have already contributed to our basic understanding of cellular dysfunction in both Huntington's and Parkinson's disease (e.g. [21] [22] [23] ). Yeast is a perfect model organism to be studied at the systems biology level (e.g. [20, [24] [25] [26] [27] [28] [29] [30] ). S. cerevisiae is also an important workhorse in biotechnological processes such as the bio-ethanol and food industries, and has the potential to be used in future space colonization projects for the production of food and beverages.
Although S. cerevisiae is considered as a model organism to study different biological processes and pathways in specific organisms, some specific processes in this yeast may not be readily generalizable to other organisms [31] . An example is the study of the infection by fungal pathogens. This process has to be studied using a pathogenic yeast, e.g. Candida albicans, which can be considered as a model organism to study fungal pathogens [32] . C. albicans is an important fungal pathogen of immuno-compromised patients, causing superficial as well as invasive systemic disease. Since astronauts have a weakened immune system when they are in space, this model organism is a good model system for space research. Experiments performed in simulated microgravity conditions already showed that C. albicans changes morphology and gene expression under these conditions [33] .
MICROGRAVITY AND MECHANOBIOLOGY IN YEAST

Mechanobiology and Gravitational Biology
From simple bacteria and archea to higher-level eukaryotes, survival is based upon the ability of the organism to respond to environmental pressures, including diverse sets of mechanical forces such as gravitational pressures, shear stresses caused by fluid flow, acoustic waves and contractile forces exerted from one cell to another [34, 35] . The influence of mechanical forces on tissues and individual cells has long been known, and is studied in mechanobiology, which is an emerging field of science at the interface of biology and engineering. It focuses on the way that physical forces and changes in cell and tissue mechanics contribute to physiology, development and disease.
Gravitational biology deals with the effect of the gravitational force on biological systems. In experimental setups, the gravitational force is reduced (e.g. microgravity space experiments) or applied (e.g. hypergravity experiments) to evoke a changed cellular behavior (e.g. cytoskeletal rearrangements, protein phosphorylation, and/or gene expression) and to unravel the molecular mechanisms involved. The sequential cellular events upon applying or removing a mechanical force (e.g. gravity) can be subdivided in: (1) mechanosensing, (2) mechanotransduction, and (3) mechanoadaptation (altered cellular function) [36] . Cells sense mechanical forces. A survey of both specialized and widely expressed mechanosensitive systems suggests that physical forces provide a general means of altering protein conformation to generate signals [37] . Cells may 'sense' mechanical forces by deforming specific proteins at specific locations; such deformation alters (induces or prohibits) molecular interactions such as receptor-ligand binding, causing changes in the signaling pathways and other cellular processes [38, 39] . It is conceivable that cells also utilize more continuous conformational changes in response to various forces to produce more gradual exposure of the functional domain or affect the binding rate for the downstream signaling molecules, thereby transducing mechanical forces and deformations into biochemical responses.
A major challenge in the field is the molecular unraveling of mechanotransduction, i.e. the molecular mechanism by which cells transduce a mechanical stimulus into a specific cellular response. Mechanotransduction can be viewed as a completely analogous process to chemical signal transduction in that application of mechanical forces may induce a conformational change in mechanosensing molecules (analogous to e.g. conformational change of e.g. a receptor upon ligand binding in chemical signal transduction) that activate an intracellular signaling pathway, which leads to an altered function.
One of the most commonly investigated intracellular signaling systems in mechanotransduction is intracellular calcium signaling [40] . One reason for its widespread investigation in mechanotransduction is that it is a ubiquitous second messenger molecule, capable of eliciting a wide range of effects that can affect different downstream signaling molecule pathways. Mechanical activation of intracellular calcium signaling, in general, occurs very quickly (order of seconds), and the calcium waves can spread throughout the cell rapidly (on the orders of milliseconds). Mechanically induced intracellular Ca 2+ elevation is thought to be mediated by rapid opening of mechanically sensitive calcium channels in the cell membrane, or release from intracellular Ca 2+ stores. Once elevated, intracellular calcium activates other downstream pathways. Ca 2+ cascades that have been well studied in yeast include the response to mating pheromone, salt and environmental stresses, nutrient sensing, and the cell integrity response [41] . These studies have shown that mechanics of Ca 2+ homeostasis and signaling in yeast are fundamentally similar to those in higher eukaryotes. The essential components of the cellular Ca 2+ signaling machinery are conserved, including Ca 2+ channels and transporters, Ca 2+ sensors, and signaling transducers. A major difference is that yeast lacks the redundancy of multiple isoforms and the complexity of splice variants that are characteristic of mammalian cells. Instead, there is a defined number of genes that may be deleted individually or in combination, with predictable effects [42] .
Besides Ca
2+
, other second messenger molecules have been shown to exhibit rapid changes soon after exposure to mechanical stimulation. For example, cyclic adenosine monophosphate (cAMP) has been shown to be rapidly regulated after exposure to mechanical loading in a variety of cell types [40] . In S. cerevisiae, cAMP is especially involved in the Ras-cAMP pathway, which plays a major role in regulating processes involved in cell growth as well as response to nutrients (e.g. glucose) and stress. The effector kinase of this pathway is the cAMP-dependent protein kinase A (PKA) [41] .
Downstream of second messengers, protein-protein signaling cascades involving phosphorylation and dephosphorylation are active. A particular prominent signaling mechanism that is activated after exposure to mechanical stimulation is the group of the mitogen-activated protein kinases (MAP kinases). MAP kinase phosphorylation in response to most (including mechanical) stimuli can be highly dynamic, occurring soon after stimulation and remaining in the phosphorylated state for many minutes [40] . MAP kinases are capable of directly activating transcription factors and are, therefore, ideally suited to particular pathways involved in early gene expression. In S. cerevisiae, MAP kinases are involved in pathway activation by pheromones, upon starvation and stress pathways (hypotonic shock, high osmolarity) (Fig. 1) .
The cascade of early biochemical responses upon mechanical stimulation can ultimately result in functional alterations downstream, such as a change in the cell morphology and/or cytoskeletal remodeling.
Yeast Mechanosensors
Detailed molecular mechanisms of force sensing mechanosensors are largely unexplored, except for the mechanosensitive (MS) channels. MS ion channels are to date the best characterized biological force-sensing systems [46] [47] [48] [49] [50] [51] [52] . These channels apparently evolved to prevent osmotic lysis of the cell as a result of metabolite accumulation and/or external changes in osmolarity. For a channel to be mechanosensitive it needs to respond to mechanical stresses by changing its shape between the closed and open states [52] . In that way, forces within the lipid bilayer or within a protein link can do work on the channel and stabilize its state. Ion channels have the highest turnover rates of all enzymes, and they can act as both sensors and effectors, providing the necessary fluxes to relieve osmotic pressure, shift the membrane potential or initiate chemical signaling. Recent work has increased our understanding of their gating mechanism, physiological functions and evolutionary origins. In particular, there has been major progress in research on microbial MS channels [49, 53] .
In S. cerevisiae, Mid1p, which is a N-glycosylated integral membrane protein of the ER membrane and plasma membrane, and functions as a stretch-activated Ca 2+ -permeable cation channel, has been identified as mechanosensitive [54, 55] . The activity of a similar channel has also been found in Schizosaccharomyces pombe [56] . A MS transient receptor potential (TRP) channel was discovered on the vacuolar membrane of S. cerevisiae [57] . The TRP channels are expressed in many tissues in numerous organisms, mediating responses to a variety of physical stimuli (e.g. light, osmolarity, temperature and pH) and chemical stimuli (e.g. odor, pheromones and nerve growth factor) [58] . Several members of the TRP ion channel family have been implicated to function in mechanosensation (including detection of touch, hearing, balance, limb location, and osmotic pressure) [59] . The yeast TRP homolog, TRPY1, is clearly a first-line force transducer [60] [61] [62] . It can be activated (release of Ca
2+
) by hypertonic shock in vivo and by a membrane stretch force.
Yeast Stress Pathways Involved in Mechanobiology
Nuclear gene transcription in proliferating cells is dedicated primarily to the synthesis of ribosomes and tRNA [63, 64] . The involved expenditure of metabolic energy is tightly regulated by diverse signaling pathways that sense the quality and quantity of nutrients or environmental stresses. Under conditions that are unfavorable for S. cerevisiae cell growth, transcription of rDNA and tRNA genes by RNA polymerases I and II and RNA pol II transcription of ribosomal protein (RP) genes is rapidly and coordinately repressed [63, 65] . Transcriptional repression requires the upstream components of this pathway, including the Wsc family of putative plasma membrane sensors and protein kinase C (PKC) and it is proposed that the coordination of ribosome and tRNA synthesis with cell growth may be achieved, in part, by monitoring the turgor pressure of the cell [66] (see Fig. 1 ). This may serve to promote cell survival under adverse conditions by preventing protein synthesis when cells are unable to expand their plasma membrane. The cell size is influenced by genetic and environmental factors that act to coordinate cell growth and cell division [67] . Studies in yeast, Drosophila, and mammalian cells indicate Fig. (1) . The MAPK signaling pathway (adapted from WikiPathways.org and [41, [43] [44] [45] ).
that the evolutionarily conserved target of rapamycin (TOR) pathway plays an important role in modulating cell growth and cell size [68] . S. cerevisiae TOR signaling influences cell growth in response of nutrient availability by regulating transcription, translation, and ribosome biogenesis, which collectively modulate cell mass by influencing synthesis [69, 70] . A transcription factor of the TOR pathway, i.e. the zinc-finger-containing transcription factor Sfp1, also plays a role in regulating ribosomal protein (RP) genes in response to nutrients and stress [71] . Sfp1 integrates information from nutrient-and stress-responsive signaling pathways to help control RP gene expression.
There is strong evidence that plasma membrane stretch is the principle underlying physical stress that activates the cell wall integrity (CWI) pathway [45, [72] [73] [74] . The CWI pathway is necessary to remodel the yeast cell wall during normal morphogenesis and in response to cell surface stress [75] . In S. cerevisiae, a set of membrane-spanning sensors detect perturbations in the cell wall and/or the plasma membrane and activate a downstream signal transduction pathway with a central MAP kinase module. These mechanosensors consist of two small subfamilies (the Wsc-type sensors Wsc1, Wsc2 and Wsc3 on the one hand, and Mid2 and Mtl1 on the other hand) that share a common overall structure [76] . These proteins contain 4 domains: a short C-terminal cytoplasmic domain, a transmembrane domain (TMD), a serine/threonine rich region (STR), and a cysteine-rich domain (CRD). It is believed that the mechanosensor use the TDM as one anchor and the CRD as the other [77] . The extracellular regions are thought to be loosely attached to some cell wall components [78, 79] . A recent study using atomic force microscopy to probe the physical characteristics of Wsc1 suggests that this sensor behaves as a linear nanospring [80] . Disturbances in either the cell wall or stretching of the membrane could be detected and transferred to the cytoplasmic regions, which interacts with Rom2 upon a change in conformation and activates the downstream signaling cascade [76] .
The HOG pathway in S. cerevisiae and its MAP cascade (Fig. 1) play an important and somewhat specialized role in adapting to hyperosmotic stress [81] [82] [83] [84] . There are two redundant input branches for the HOG pathway, both activating a common target, i.e. the MEK Pbs2p. Active Pbs2p is a tyrosine kinase that phosphorylates the MAP kinase Hog1. One of the input branches is activated by transmembrane osmosensors Sho1p and Msb2p. For the second input branch, Sln1, a transmembrane histidine kinase, is the osmosensor. The Msb2p protein (a mucin family member involved in the Cdc42p-and MAP kinasedependent filamentous growth signaling pathway) also functions as an osmosensor in parallel to the Sho1p mediated pathway [85] .
BIOLOGICAL RESPONSES OF S. CEREVISIAE TO MICROGRAVITY
Changed Bud Scar Profile
Microgravity influenced the budding pattern of the yeast cells grown in liquid and on solid agar medium ( Table 1) : an increase of around 5% for growth on agar (for the haploid 1278b) and up to 12% (diploid strain) for liquid cultivation has been observed [11, 15] (the latter was also confirmed under low-shear modeled microgravity (LSMMG) conditions [86] ). The difference may be due to growth on semi-solid instead of liquid media and/or due to the different ploidy of the strains used, leading to less susceptibility for disturbance in the budding pattern [15] . It was hypothesized that this disturbance may possibly be the result of the influence of microgravity on the cytoskeleton, influencing the position of the bud scars [11] . It was also postulated that the altered random budding pattern in LSMMG conditions was probably not due to a change in the cytoskeleton organization, but rather due to a changed expression of genes with an upstream role in budding processes, such as bud site selection and polarity establishment [86] .
Proteomics results from a recent experiment (ESA YEAST experiment) in the International Space Station (ISS) indicate that the protein Arp3 is more expressed in the 1278b strain grown on agar [87] . Arp3 is an essential component of the Arp2/3 complex, which is a highly conserved actin nucleation center required for the motility and integrity of actin patches; and it is involved in endocytosis and membrane growth and polarity [88] . This results gives a link between an actin-related protein and the observed increase of more at random budding in microgravity.
The establishment of polarity as exhibited by aberrant (random) budding compared to the usual bipolar pattern of controls was also observed when S. cerevisiae cells were grown in a high-aspect-ratio-vessel, which simulates the low-shear and microgravity conditions encountered in spaceflight [86] . The aberrant budding was accompanied by an increased tendency of cells to clump, as indicated by aggregates containing five or more cells. Significant changes (greater than or equal to twofold) were also found in the expression of genes associated with the establishment of polarity (BUD5), bipolar budding (RAX1, RAX2, and BUD25), and cell separation (DSE1, DSE2, and EGT2).
Changed Growth Rate
In general, space flight and microgravity analog devices can cause increased final cell numbers compared to 1-g controls for non-motile bacteria grown in liquid suspension cultures [5, [92] [93] [94] [95] [96] [97] . In addition, lag phase during liquid batch growth has been shown to be shortened during space flight experiments [93] [94] [95] 98, 99] , conjugation efficiency to be increased [100, 101] , antibiotic effectiveness reduced [102, 103] , and secondary metabolite production increased [104, 105] . In most cases, the studies reporting exceptions to these findings were found on semi-solid agar medium [98, 99, 106, 107] . This trend supports the hypothesis that space flight and microgravity analogs indirectly -through fluid effects -can affect the growth and behavior of bacteria in suspension cultures. Several factors caused by the weightless environment of space flight are likely to alter the fluid environment appreciably. It has been shown that the density of the medium immediately surrounding a population of actively metabolizing bacterial cells has been observed to create buoyant plumes in a 1-g environment [108] . The altered bacterial growth observed in space has been hypothesized to arise as an indirect result of the quasi-stable accumulation of byproducts forming around cells in suspension, due to the absence of mass transport convection in microgravity [108] [109] [110] [111] . The cultivation of genetically modified E. coli with neutral buoyancy (induced by gas vesicles) in static and clinostat conditions showed that no significant differences were observed [112] . These results support the hypothesis that the lack of cumulative cell sedimentation is the dominant effect of space flight on nonstirred cultures.
Microbial growth on semi-solid agar medium is not characterized by these specific liquid fluid mechanics effects and thus reduces the unknowns associated with spaceflight microorganism cultures in suspension [98, 99, 107] . A highly invasive S. cerevisiae 1278b strain and a non-invasive industrial brewer's strain were grown as colonies on a semisolid medium in normal gravity and microgravity [15] (Table  1) . A remarkable decrease in two-dimensional spreading for 1278b was observed under microgravity conditions, which was not observed for the industrial brewer's yeast. Oxygen and carbon dioxide transport modeling around S. cerevisiae colonies in the used hardware further revealed that the concentration gradients surrounding the colonies in normal and microgravity conditions are practically the same. It thus appears that the two-dimensional spreading differences on semi-solid agar and the observed changes in physiology in this study can be indicated as a direct microgravity effect that may be sensed by yeast cells as a stress condition, which is strain dependent.
No difference in growth rate was observed of batch growth in liquid medium [13] . Freeze-dried samples of four strains were subjected to spaceflight (15 days) [90] (Table  1 ). All strains showed significant changes in the cell wall thickness. Postflight growth experiments of one mutant strain revealed that for this strain the lag phase was shorter, the growth rate was increased, and a higher final biomass in normal gravity was recorded. In a space experiment where postmitotic cells (these cell are in the stationary phase and do not grow) of a Brewer's strain was used, showed an increase in G2/M cell population and a decrease in Sub-G1 cell population [91] (Table 1 ). The observed changes in these latter experiments probably reflect the accumulated mutations due to long term exposure to space radiation.
Activation of Stress Pathways in Microgravity
Spaceflight unique gene expression changes were observed in the stress response element (STRE) genes SSA4, YIL052C, and YST2 with transcription regulation involving Sfp1 and Msn4 under microgravity conditions [14] (Table  1) . Microgravity provides the only set of physical forces where both SSA4 and YIL052C decreased in an Sfp1-dependent manner (but not an Msn4-dependent manner), which indicates strong force specificity with the studied genes. As discussed before, Sfp1 is involved in the TOR signaling pathway.
The oxidative stress response in S. cerevisiae in microgravity was evaluated during a FOTON-M3 mission [89] . Microgravity and hyperoxic conditions induced an enormous extracellular release of gluthatione, and activated the high osmolarity glycerol (HOG) and CWI/protein kinase C (PKC) pathways. HOG monitors cell swelling or shrinking and senses oxidative stress, whereas PKC responds to changes in cell morphology by controlling the expression of genes involved in the cell wall biogenesis and the reorganization of the actin cytoskeleton [82] . The results from the spaceflight experiment were validated by experiments under conditions of simulated microgravity and indicated that cytoskeletal alterations were mainly responsible for the observed effects.
The growth of the invasive growth strain 1278b wild type (WT) on semi-solid agar medium has been studied in microgravity during two space experiments in the ISS [15, 87] . This strain is characterized by a hyperactive cAMP/PKA pathway, which causes the strong agar-invasive growth (but also the defectiveness of stress-responsive gene induction [113] . The FLO11 gene in the WT strain expresses the Flo11 adhesin, which is required for filament formation and surface adhesion [114] [115] [116] . In the first experiment, the strain was grown in a closed "Biocontainer" and the cells could not be fixed after 12 flight days [15] . In the second experiment, the cells were grown in special hardware in the Biolab experiment container (Columbus module of the ISS), which allowed removing the produced carbon dioxide through a lummox filter preventing overpressure growth [87] . Additionally, cell growth was stopped by fixation with RNAlater after 8 days of growth in microgravity. In the second experiment, the growth of the flo11-deletion strain 1278b flo11 was also studied. This mutant strain is not able to adhere to semi-solid agar medium, which might be a disadvantage when grown in microgravity conditions. Invasive growth is induced upon nutrient limitation [117, 118] and allows cells to "forage" for nutrients.
Proteomics analysis of the samples of the first experiments showed that the 1278b WT showed a more anaerobic fermentative growth in microgravity compared to the ground samples, since many enzymes involved in the Krebs cycle were less abundant in microgravity, which indicates a higher request for energy in microgravity. A more detailed analysis could be performed in the second experiment since proteomic analysis was complemented with a transcriptomic analysis. Some components of the ribosome biogenesis were down regulated in microgravity. Ribosome biogenesis is under the control of Sfp1 (see supra), which was before shown a unique microgravity response [14] ( Table 1 ). Reduced expression of ribosomal genes was also observed in modeled microgravity [119] . Several components of the proteasome were also down regulated in the microgravity samples. Protein abundance changes and gene expression data were observed that point to the use of carbohydrates for the production of either trehalose or (cell wall) glycoproteins. The results indicate that microgravity affects the integrity of the cell wall, since an enzyme involved in glycosylation of cell wall proteins was more abundant in microgravity. Proteins that cope with glycerol stress were also more expressed, which points to the induction of the HOG pathway. Compared to the 1278b WT strain, the flo11 strain showed a larger general stress response, since a number of heat shock proteins were up regulated. The induction of the HOG pathway as well as the CWI pathway was also confirmed in this strain. These results indicate that microgravity imposes a stress on the cells, which has characteristics of osmotic stress. Cellular energy is directed towards protective measures, i.e. cell wall biosynthesis (CWI pathway activation), and the production of compounds (such as glycerol and trehalose) to increase the osmotolerancy of the yeast (HOG pathway activation). Simulated microgravity experiments indicate also that some responses could represent stress responses in S. cerevisiae [2, [119] [120] [121] .
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